Cable is one of the most important parts on cable-stayed bridges. Its safety is very important. The aim of this study is to design an all-wheel-drive climbing robot based on safety recovery mechanism model for automatic inspection of bridge cables. For this purpose, a model of a three-wheel-drive climbing robot with high-altitude safety recovery mechanism is constructed and the basic performances such as climbing ability and anti-skidding properties are analyzed. Secondly, by employing the finite element method, natural frequency of the robot is calculated and that of a cable with concentrated masses is obtained through use of the Rayleigh quotient. Based on the mentioned quantities, the dynamic characteristics of the robot-cable system are further analyzed. In order to verify the climbing ability of the designed robot, a prototype of the robot is made, a robot testing platform is established and the climbing & loading experiments of the robot are carried out. The experiment results illustrated that the robot can carry a payload of 10 kg and safely return along the cable under the influences of inertial force.
Introduction
A cable-stayed bridge is a common structural form. The cables which are as important bearing parts of the bridge, need to be inspected regularly due to the influences of extreme conditions, such as wind-and rain-induced vibration. At present, manual detection methods are widely used. This study designs a robot to replace workers for cable defect detection tasks.
Robots for cable detection are non-standard automated items of equipment and many researchers have proposed various innovative mechanisms therein: for example, Cho et al. used a six-wheel robot for bridge cable inspection [1, 2] . Such a robot can adjust its clamping forces according to the situation encountered on the surface of a cable, so as to adapt to cables of different diameters. Moreover, they designed a cable visual detection system and took pictures of the cable surface from different directions with three cameras. The pictures were sent to the ground-based monitoring station in real-time. Park et al. designed a cable crawling robot [3, 4] . The cables are automatically monitored by using non-destructive testing (NDT) technology. With the development of an eight-channel sensor for magnetic flux leakage inspection, the measured magnetic field signals were transformed into 3-d graphics to allow intuitive monitoring. Ho et al. proposed a robot for cable detection [5] . By combining it with an efficient image-based damage detection system, the damage to the cable surface was
Structural Model of the Climbing Robot
Firstly, the mechanical structure including climbing principle and specific driving structure of the robot was introduced. Secondly, a centrifugal-friction recovery mechanism was introduced and the key factors influencing braking ability were analyzed through simulation.
Overall Scheme for the Climbing Robot
The proposed robot involved the clamping of a cable clamped with three wheels. According to the principle illustrated in Figure 1a , wheels A and C were set on the left and right support plates which are opposite to each other, while wheel B was set on the left and right swing plates in an opposed arrangement. Swing plates and support plates were hinged and rotated freely around the hinge, while the spring mechanism pushed the upper and lower support bars and thus the robot clamping cables. The shapes of support plates and swing plates are shown in Figure 1b . Motors 1 and 2 directly drove wheels A and B through the synchronous belt drive and wheel C was driven by motor 1 through another synchronous belt, thus forming the all-wheel-drive climbing robot (Figure 2 ). 
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Overall Scheme for the Climbing Robot
The proposed robot involved the clamping of a cable clamped with three wheels. According to the principle illustrated in Figure 1a , wheels A and C were set on the left and right support plates which are opposite to each other, while wheel B was set on the left and right swing plates in an opposed arrangement. Swing plates and support plates were hinged and rotated freely around the hinge, while the spring mechanism pushed the upper and lower support bars and thus the robot clamping cables. The shapes of support plates and swing plates are shown in Figure 1b . Motors 1 and 2 directly drove wheels A and B through the synchronous belt drive and wheel C was driven by motor 1 through another synchronous belt, thus forming the all-wheel-drive climbing robot ( Figure 2 ). Each of the three rolling wheels were comprised of two half-wheels on the left and right (Figure 2 ), which allowed easy adjustment of the distance between the two half-wheels and the clamping force. All parts of the robot were set between the left and right support plates.
Based on the joint effects of the relative rotation of swing plates and support plates, scaling of the spring and adjustment of spacing of rolling wheels, the robot clamped the cable. In practical applications, it is more convenient to adjust clamping forces by adjusting the spacing of the rolling wheels, so the design allowed for a mass of 11 kg and a length ranging from 370 mm to 400 mm. Moreover, the width was 236 mm and the height was able to be adjusted within the range from 410 to 440 mm.
The Safety Recovery Mechanism Model of the Climbing Robot
When electrical failure occurs, the robot freely falls to the ground from high altitude and the fast rate of descent and impact velocity damages the equipment and even threatens the safety of workers. In order to avoid fast gliding speed of the robot after electrical failure, a centrifugal-friction recovery mechanism was designed. The braking force was dynamically adjusted in accordance with different inclination angles of cables as shown in Figure 3a . The recovery mechanism consisted of mass blocks, a brake disc, a friction plate, a gearbox and a rotary shaft (Figure 3b -d) and each part was set on the rotary shaft. The chute was processed on one side of the brake disc and mass blocks slid in the chute to push the brake disc to overcome the spring force and then move along the rotary shaft. The brake disc contacted with the friction plate to generate braking torque, while the gearbox generated an acceleration to increase the braking torque of the friction plate on the robot. Each of the three rolling wheels were comprised of two half-wheels on the left and right (Figure 2 ), which allowed easy adjustment of the distance between the two half-wheels and the clamping force. All parts of the robot were set between the left and right support plates.
When electrical failure occurs, the robot freely falls to the ground from high altitude and the fast rate of descent and impact velocity damages the equipment and even threatens the safety of workers. In order to avoid fast gliding speed of the robot after electrical failure, a centrifugal-friction recovery mechanism was designed. The braking force was dynamically adjusted in accordance with different inclination angles of cables as shown in Figure 3a . The recovery mechanism consisted of mass blocks, a brake disc, a friction plate, a gearbox and a rotary shaft (Figure 3b -d) and each part was set on the rotary shaft. The chute was processed on one side of the brake disc and mass blocks slid in the chute to push the brake disc to overcome the spring force and then move along the rotary shaft. The brake disc contacted with the friction plate to generate braking torque, while the gearbox generated an acceleration to increase the braking torque of the friction plate on the robot. When the descent speed of the robot is low, the brake disc is separated from the friction plate under the effects of the spring (Figure 4a) . If the robot drops quickly after a power outage, the mass blocks slide outside under the effects of centripetal forces and the axial component thereof overcomes the spring forces, so that the brake disc makes complete contact with the friction plate and braking forces are dynamically transferred to the robot (Figure 4b ). When the descent speed of the robot is low, the brake disc is separated from the friction plate under the effects of the spring (Figure 4a) . If the robot drops quickly after a power outage, the mass blocks slide outside under the effects of centripetal forces and the axial component thereof overcomes the spring forces, so that the brake disc makes complete contact with the friction plate and braking forces are dynamically transferred to the robot (Figure 4b ). With the changes of descent speed of the robot, contact forces between the friction plate and brake disc changes constantly. In theory, the braking torque can automatically reach a stable value according to the inclination angle of cables and loads on the robot.
Both sides of mass blocks are designed for a certain inclination angle ϕ so as to transform the centripetal force into an axial force. The component of this force in the axial direction of the sum of centripetal forces of six mass blocks can be expressed as:
where m, w and 1 l represent the mass of mass blocks, the angular velocity of the rotary shaft and the distance from the center (Point P) of gravity of the mass blocks to the axis of the rotary shaft, respectively. If small changes in the spring forces of the brake in working are ignored, axial force can be expressed as:
where 1 t F denote the spring force. The braking torque thus generated is:
where f μ denote the coefficient of friction. 2 l represents the distance from the geometrical center of the mass blocks to the axis of the rotary shaft. When the robot runs at a high speed, it needs to satisfy the following equation in order to limit the speed and move more uniformly in a certain range:
where i is the gear ratio and M is the driving torque during the descent of the robot, thus giving the angular speed of the rotary shaft:
The descent speed of the robot is:
where d represents the diameter of rolling wheels of the robot and the falling torque M can be expressed as: With the changes of descent speed of the robot, contact forces between the friction plate and brake disc changes constantly. In theory, the braking torque can automatically reach a stable value according to the inclination angle of cables and loads on the robot.
where m, w and l 1 represent the mass of mass blocks, the angular velocity of the rotary shaft and the distance from the center (Point P) of gravity of the mass blocks to the axis of the rotary shaft, respectively. If small changes in the spring forces of the brake in working are ignored, axial force can be expressed as:
where F t1 denote the spring force. The braking torque thus generated is:
where µ f denote the coefficient of friction. l 2 represents the distance from the geometrical center of the mass blocks to the axis of the rotary shaft. When the robot runs at a high speed, it needs to satisfy the following equation in order to limit the speed and move more uniformly in a certain range:
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where d represents the diameter of rolling wheels of the robot and the falling torque M can be expressed as:
where G indicates the self-weight of the robot and β is the angle of inclination of cables, so the descent speed of the robot can be rewritten as:
According to Equation (8), by adjusting gear ratio and spring force, the descent speed of the robot can be changed. Assuming that the friction coefficient is µ = 0.5, the mass of the sliding block is m = 0.2 kg, the inclination angle at the both ends of sliding block is ϕ = 10 • , the distance from the center of gravity of the sliding block to the axis is l 1 = (16-20) mm and l 2 = (18-22) mm. Furthermore, all the values of l 1 and l 2 are changeable in the process of the robot landing. To simplify the process of calculation, the maximum values are used in the simulation. At last, the relationship linking the gear ratio, spring force and descent speed is shown in the simulation diagram.
As shown in Figure 5a , the spring force does affect braking ability (although only slightly), while the influence of the gear ratio is greater. Furthermore, by setting the spring force is 30 N and setting gear ratio is 10, the effects of the mass of the robot and the inclination angle of cables on the rate of descent were studied. Let the mass changes between 10 kg and 80 kg and the inclination angle of cables vary from 0 • to 80 • , Figure 5b shows the influences of inclination angle of the cables on braking force is far greater than that of the mass of the robot. Therefore, the designed recovery mechanism has more obvious effects on cables with larger inclination angles.
According to Equation (8), by adjusting gear ratio and spring force, the descent speed of the robot can be changed. Assuming that the friction coefficient is Furthermore, all the values of 1 l and 2 l are changeable in the process of the robot landing. To simplify the process of calculation, the maximum values are used in the simulation. At last, the relationship linking the gear ratio, spring force and descent speed is shown in the simulation diagram.
As shown in Figure 5a , the spring force does affect braking ability (although only slightly), while the influence of the gear ratio is greater. Furthermore, by setting the spring force is 30 N and setting gear ratio is 10, the effects of the mass of the robot and the inclination angle of cables on the rate of descent were studied. Let the mass changes between 10 kg and 80 kg and the inclination angle of cables vary from 0° to 80°, Figure 5b shows the influences of inclination angle of the cables on braking force is far greater than that of the mass of the robot. Therefore, the designed recovery mechanism has more obvious effects on cables with larger inclination angles. 
Analysis of Climbing Performance for the Climbing Robot
This section mainly analyzed the basic conditions for robot climbing and basic mechanical performance, such as the minimum output torque of the motors and the minimum friction force on the rolling wheels to prevent skidding. The robot was driven by two motors. In the schematic diagram, the driving wheels (A and B) are represented by solid circles, while the center of wheel C is indicated by a hollow circle. Moreover, wheel C is jointly driven by the motor installed on wheel A through a synchronous belt.
Analysis of Climbing Ability
The climbing robot utilizes the spring mechanism to provide force to clasp the cable and the driving wheel is actuated by DC motor to roll along the cable. The friction force must be greater than the gravity of the robot and payloads, so that it can climb along the cables inclined at any angle. The climbing principle, coordinate system and external force analysis are shown in Figure 6 . For the 
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Analysis of Climbing Ability
The climbing robot utilizes the spring mechanism to provide force to clasp the cable and the driving wheel is actuated by DC motor to roll along the cable. The friction force must be greater than the gravity of the robot and payloads, so that it can climb along the cables inclined at any angle. The climbing principle, coordinate system and external force analysis are shown in Figure 6 . For the whole robot mechanism, if the motor with enough input torque is used, we can establish the equilibrium equation:
where
denote the maximum static friction force of the three wheels. N a , N b , N c represent the supporting force of the three wheels, µ is static friction coefficient. M, g, β and O represent the mass of the robot including external payloads, the gravitational acceleration, the inclination angle of the cable and the center of gravity of the robot, respectively. In this paper, various obstacles on cable surfaces are neglected. Meanwhile, by ignoring small losses during the drive and regarding the sum of output torques of driving wheels as τ , the following balance equation can be established:
where r represents the equivalent radius of the rolling wheels. As the two motors drive three groups of rolling wheels, in ideal conditions, the single actual friction torque t' of rolling wheels is as follows in ideal conditions:
In addition, in order to prevent skid in climbing, the sum f F of the minimum sliding frictions of the rolling wheels must satisfy:
Suppose the velocity of the robot is v and the efficiency of the motor is η . In the design process, we should choose a driving wheel that possesses a rather large friction coefficient with the cable to reduce the clasped force. Here, ignore the inner friction of the robot, which the required whole power of DC motor P is:
Anti-Skid Analysis in Operating Conditions
Skid results from the lack of friction force between rolling wheels and cables, while friction is mainly transformed from the force generated by the spring. To study the relationship between spring force and friction force, some assumptions were made as follows: (1) The robot is climbing In this paper, various obstacles on cable surfaces are neglected. Meanwhile, by ignoring small losses during the drive and regarding the sum of output torques of driving wheels as τ, the following balance equation can be established:
In addition, in order to prevent skid in climbing, the sum F f of the minimum sliding frictions of the rolling wheels must satisfy:
Suppose the velocity of the robot is v and the efficiency of the motor is η. In the design process, we should choose a driving wheel that possesses a rather large friction coefficient with the cable to reduce the clasped force. Here, ignore the inner friction of the robot, which the required whole power of DC motor P is:
Skid results from the lack of friction force between rolling wheels and cables, while friction is mainly transformed from the force generated by the spring. To study the relationship between spring force and friction force, some assumptions were made as follows: (1) The robot is climbing on a smooth cable without any obstacles in a constant velocity. For the wheel with the smallest support force, the driving torque of the motor equals the torque produced by the tangential friction forces. (2) All the driving motors are the same, therefore, we suppose the robot reached the maximum load when the
wheel with smallest support force is in the slipping state. (3) To simply the calculation, the self-weight of the swing plate is ignored as it has less effect on the robot climbing ability. That is to say, the two sets of robot swing plates are considered as two two-force bars. (4) All the inner frictions of the robot mechanism are ignored. According to Figures 6 and 7 , which shows the schematic diagram of the movement of the robot, the balance equations of the three groups of rolling wheels are established. As presented in Figure 7 , the forces on rolling wheels A, B and C are presented, so the force balance equation for rolling wheel A is In Figure 7 , α and γ indicate the angles of two-force bars with the horizontal direction respectively and F t represents the spring force. N a , N b and N c are the support force, which denote the constraint reactions of cables on rolling wheels, while F 1a , F b , F 2a and F c denote forces acting on the bars of the rolling wheels. According to the nature of two-force bars, it is obvious that
As presented in Figure 7 , the forces on rolling wheels A, B and C are presented, so the force balance equation for rolling wheel A is
For the rolling wheel B we have
Therefore we can get: N b = , For the whole robot ( Figure 6 ):
In the above equations, F f a , F f b and F f c represents the friction force of three rolling wheels respectively. m a , m b and m c represents the mass of three rolling wheels. τ a , τ b and τ c represents the torques acted on three rolling wheels. µ denotes the friction coefficient between the rolling wheels and the cable surface. 
For the three rolling wheels, we conclude the supporting force of the wheel C is the smallest one from the results the numerical analysis. Therefore, wheel C slides first. For wheel C climbing on the cable vertical cable (β= 0 • ), we suppose it is the critical state when F f c = N c · µ. The motor whose rated torque τ c = F f c r is chosen as the source of power. Because all the driving motors are the same,
r is deduced. Here, τ a , τ b , τ c represents the rated torque of the driving motors. Therefore, the maximum friction of the robot meet F f = 3F f c ≥ Mg · cos β.
To study climbing performance of the robot under the condition of cable vibration, it is assumed that the robot is affected by inertial force during the vibration and simple harmonic vibration is applied to the cables with a vibration amplitude and frequency of 0.01 m and 10 Hz. Moreover, α = γ = 45 • , β= 0 • and friction coefficient µ = 0.5, m a = m b = m c = 0.5 kg. On this basis, the changes in friction force provided by the robot under cable vibration are simulated, as shown in Figure 8 . The blue curves represent the maximum static friction force the cable exerted on the wheel, while red curves (Figure 8a-c) indicate the maximum (critical) friction force the motor exerted on the wheel. From the figures, the maximum static friction force is larger than the climbing force generated by the motor. Therefore, all the three wheels did not slide. Figure 8d shows the sum of the three driving force. The robot can take 15 kg payload besides self-weight. In accordance with Formula (17) and simulation results, the minimum spring force F t is 130 N when the wheel C did not slide. To guarantee the robot climbs in a stable manner on the cable, the suitable scope of spring force is 130 N-150 N. 
Dynamic Characteristics of the Robot-Cable System
When the robot climbs the cable, once resonance occurs, the safety of the cable is affected. By using the finite element method, the natural frequency of the robot rack is estimated and then natural frequency of the cable is obtained with Rayleigh quotient. Finally we analyze the dynamic characteristics of the robot-cable system. 
When the robot climbs the cable, once resonance occurs, the safety of the cable is affected. By using the finite element method, the natural frequency of the robot rack is estimated and then natural frequency of the cable is obtained with Rayleigh quotient. Finally we analyze the dynamic characteristics of the robot-cable system.
Natural Frequency of the Climbing Robot
By modeling the robot rack, the robot includes the following parts, such as an aluminum alloy rack, steel wheel shafts, rolling wheels and a spring. Owing to the rack contributing most to the weight of the robot and as the elastic modulus of steel is much larger than that of aluminum alloy, the aluminum alloy rack is the key component here. The parameters of the robot are illustrated in Table 1 . By removing some holes and slots that slightly affect the overall structure and replacing the motor with a lumped mass of 0.7 kg, the finite element model of the robot is obtained (Figure 9 ). The fixed constraints were applied on wheel shafts and the spring and the model was divided into grids measuring 10 mm. Through modal analysis, the first five orders of natural frequencies of the robot rack are 322 Hz, 463 Hz, 606 Hz, 723 Hz and 911 Hz. 
Analysis of the Natural Frequency of the Cable
The string vibration equation is used to describe cable vibration ( Figure 10 ). Owing to the robot climbing on a long cable, which has certain influences on cable vibration, the robot is regarded as a point mass to establish a string vibration equation with this lumped mass: The fixed constraints were applied on wheel shafts and the spring and the model was divided into grids measuring 10 mm. Through modal analysis, the first five orders of natural frequencies of the robot rack are 322 Hz, 463 Hz, 606 Hz, 723 Hz and 911 Hz.
The string vibration equation is used to describe cable vibration ( Figure 10 ). Owing to the robot climbing on a long cable, which has certain influences on cable vibration, the robot is regarded as a point mass to establish a string vibration equation with this lumped mass:
11 of 17 where x 0 , l and u represent the position of the robot, the length of the cable and the normal displacement of the cable from the initial position, respectively. In addition, a denotes the ratio of tension T of the cable to the linear density ρ of the cable, namely It is difficult to solve string vibration problems when they include a lumped mass. This section adopts an approximate method, namely, the use of the Rayleigh quotient, which can directly estimate the natural frequency of the system without solving its vibration equation. The Rayleigh quotient is expressed in the following form: Free vibration of a tensile string is a linear combination of infinite multi-order vibrations. In general, the higher the order is, the smaller the influence on the spectrum, so it is important to study the first-order vibration. Experience shows that the first-order vibration mode of the cable is similar to static deformation under inertial loads. The first-order natural frequency can represent the frequency of the cable, so it is selected as the static deformation of the cable under the self-weight of the robot. Figure 10b shows that the following equation can be established through the force balance and geometric relationships:
where F and ε represent the component of the self-weight of the robot in the vertical direction of the cable and the maximum static deformation, respectively. Because the distance from the position of maximum deformation to the end on the cable changes linearly, the vibration mode function can be obtained as long as ε is known from the following equation: It is difficult to solve string vibration problems when they include a lumped mass. This section adopts an approximate method, namely, the use of the Rayleigh quotient, which can directly estimate the natural frequency of the system without solving its vibration equation. The Rayleigh quotient is expressed in the following form:
V max and T re f represent the maximum potential energy and kinetic energy for reference of the cable respectively, which indicate quantities relating to potential energy and kinetic energy. ω n denotes the nth-order natural frequency. V max and T re f can be written as:
W n (x) denotes the nth-order vibration mode function relating to x. Free vibration of a tensile string is a linear combination of infinite multi-order vibrations. In general, the higher the order is, the smaller the influence on the spectrum, so it is important to study the first-order vibration. Experience shows that the first-order vibration mode of the cable is similar to static deformation under inertial loads. The first-order natural frequency can represent the frequency of the cable, so it is selected as the static deformation of the cable under the self-weight of the robot. Figure 10b shows that the following equation can be established through the force balance and geometric relationships:
where F and ε represent the component of the self-weight of the robot in the vertical direction of the cable and the maximum static deformation, respectively. Because the distance from the position of maximum deformation to the end on the cable changes linearly, the vibration mode function can be obtained as long as ε is known from the following equation:
Therefore, the relationship between x 0 and ε is established according to Equation (21) .
Based on this, an expression describing the deformation ε through the position of the robot is established, which is to say, ε = f (x 0 ). Through data fitting, the samples are obtained such that x 0 = [0, 20, 40, 60, 80, 100, 115] . At two ends (0 m and 115 m), the deformation is zero. In view of the sample point being in the middle, the dichotomy is utilized for calculation purposes. In accordance with the zero point theorem, the search interval always shrunk. In this way, the root of the equation can be approached as close as possible. The flowchart of this dichotomy is shown in Figure 11 . It is assumed that the self-weight of the robot, tensile force, length and linear density of the cable are G − 200N (including loads), T = 4530 kN, l = 115 m and ρ = 65.6 kg/m, respectively. . At two ends (0 m and 115 m), the deformation is zero. In view of the sample point being in the middle, the dichotomy is utilized for calculation purposes. In accordance with the zero point theorem, the search interval always shrunk. In this way, the root of the equation can be approached as close as possible. The flowchart of this dichotomy is shown in Figure 11 . It is assumed that the self-weight of the robot, tensile force, length and linear density of the cable are , , , , . Therefore, it is obvious that the weight of the robot affects the cable, albeit only slightly. As shown in Figure 12a , the distribution of sample points is parabolic. We can get the following equation with quadratic polynomial fitting technique: 
Combining the above equation with Equations (22) and (23), the vibration mode function of the robot is: 
The first-order frequency is calculated according to Equations (19) and (20) . For the cable with its lumped mass, the kinetic energy for reference is obtained: As shown in Figure 12a , the distribution of sample points is parabolic. We can get the following equation with quadratic polynomial fitting technique:
Combining the above equation with Equations (22) and (23), the vibration mode function of the robot is:
The first-order frequency is calculated according to Equations (19) and (20) . For the cable with its lumped mass, the kinetic energy for reference is obtained:
where m represents the mass of the robot.
where m represents the mass of the robot. As illustrated in Figure 12b , the range of changes in the fundamental frequency of the cable is always less than 90 Hz, showing large differences across the first five fundamental frequencies of the robot rack, so resonance does not occur. 
Climbing Experiment of the Robot Prototype
To verify the climbing ability of the robot, we fabricated a prototype of the robot, set-up a test platform for the robot and completed climbing & loading experiment of the robot.
Preparation of the Robot Prototype
According to the structural model of the robot described in Section 2, a prototype of the climbing robot was designed ( Figure 13) . A current (DC) motor system with high volume and torque was selected as power producer, which include a DC motor, a reducer and a rotary encoder. Based on the model in Figure 1 , multiple synchronous pulleys and two synchronous belts were added. Motor 1 drove rolling wheels A and C through synchronous pulleys and belts, while rolling wheel B was driven by motor 2 through synchronous pulleys and belts, to form the all-wheel-drive mechanism climbing along the cable.
Through the relative rotation of the swing plates and support plates, scaling of spring and adjustment of spacing between the left and right rolling wheels, the robot could fit around cables of different diameters. As illustrated in Figure 12b , the range of changes in the fundamental frequency of the cable is always less than 90 Hz, showing large differences across the first five fundamental frequencies of the robot rack, so resonance does not occur.
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Through the relative rotation of the swing plates and support plates, scaling of spring and adjustment of spacing between the left and right rolling wheels, the robot could fit around cables of different diameters. Through the relative rotation of the swing plates and support plates, scaling of spring and adjustment of spacing between the left and right rolling wheels, the robot could fit around cables of different diameters.
Vibration Test Platform
By establishing a set of rigid and flexible hybrid robot test platforms, climbing tests using the robot in static and vibration environments was simulated. The vibration test platform is comprised of a simulated cable, fixtures, a vibration table, a lower rigidly-fixed fixture and an upper flexibly-fixed fixture (Figure 14) . A hard plastic tube with a diameter of 90 mm was selected to replace the cable and the surface friction coefficient of the tube is similar to that of a typical cable. 
By establishing a set of rigid and flexible hybrid robot test platforms, climbing tests using the robot in static and vibration environments was simulated. The vibration test platform is comprised of a simulated cable, fixtures, a vibration table, a lower rigidly-fixed fixture and an upper flexibly-fixed fixture (Figure 14) . A hard plastic tube with a diameter of 90 mm was selected to replace the cable and the surface friction coefficient of the tube is similar to that of a typical cable. The lower rigidly-fixed fixture was mounted on the vibration table and connected to the lower end of the cable with a fixed hinge, which accurately transferred vibration and adjusted the inclination angle of the cable according to the need. A flexible connection was applied to the upper end of the cable and the upper fixture and ropes and spring were used for fixing. The cable and the upper fixture did not make complete contact and vibrated (within a fixed range of amplitudes) to simulate the vibration of real bridge cables.
By using an electromagnetic absorption type of vibration table to drive the cable vibration, the actual vibration of a cable on a bridge was simulated. The vibration table can bear 100 kg and the maximum vibration amplitude was 5 mm. Moreover, the frequency was adjustable in the range from 1 Hz to 400 Hz. The parameters of the electromagnetic vibrator are shown in Table 2 . By setting the low and high frequencies used, as well as the low and high vibration intensities of the vibrator, the frequency and amplitude of the cable, as well as the dead time at various frequencies and amplitudes, could be controlled. The main steps involved are as follows:
(1) First, the regions on the cable where the robot can stably grasp onto were explored and marked.
The positions of the robot were adjusted so that all the wheels can stably grasp the cable under the influence of the driving forces. (2) Then, the high-speed camera system and the vibrator were started and debugged. (3) Main test started. The high-speed camera was used to record various parameters (output frequency and amplitude of the vibrators) and the output frequency and intensity of the test platform when the robot is climbing on the cable, before and after imposing the driving forces. The lower rigidly-fixed fixture was mounted on the vibration table and connected to the lower end of the cable with a fixed hinge, which accurately transferred vibration and adjusted the inclination angle of the cable according to the need. A flexible connection was applied to the upper end of the cable and the upper fixture and ropes and spring were used for fixing. The cable and the upper fixture did not make complete contact and vibrated (within a fixed range of amplitudes) to simulate the vibration of real bridge cables.
The positions of the robot were adjusted so that all the wheels can stably grasp the cable under the influence of the driving forces. (2) Then, the high-speed camera system and the vibrator were started and debugged. (3) Main test started. The high-speed camera was used to record various parameters (output frequency and amplitude of the vibrators) and the output frequency and intensity of the test platform when the robot is climbing on the cable, before and after imposing the driving forces.
Testing Experiment
According to the analysis in Section 3 and for the given diameter of the cable together with those parameters, such as the clamping force of the robot, spacing of the rolling wheels and pre-tightening force of the spring were adjusted. The space between the left and right half-wheels was adjusted to be 42 mm.
As shown in Figure 15 , a climbing test was conducted on the robot. Although the surface was smooth and there were obstacles (less than 10 mm in height), the robot could climb in a stable manner. By selecting heavy objects (mass, 10 kg), the climbing ability of the robot with loads was verified. The robot could still climb normally under such loads. The test proved that the climbing speed of the robot met the required performance for cable inspection. The following conclusions were drawn by combining simulation and test, data: 
As shown in Figure 15 , a climbing test was conducted on the robot. Although the surface was smooth and there were obstacles (less than 10 mm in height), the robot could climb in a stable manner. By selecting heavy objects (mass, 10 kg), the climbing ability of the robot with loads was verified. The robot could still climb normally under such loads. The test proved that the climbing speed of the robot met the required performance for cable inspection. The following conclusions were drawn by combining simulation and test, data:
(1) When masses of 10 kg were added to the robot, the robot could still climb along cables with inclination angle between 20° to 90°. (2) The robot could be installed and maintained by only one worker. The climbing ability of the robot under the low-frequency and high-frequency vibration was further investigated and parameters, such as vibration direction, frequency and intensity of the vibration table could be adjusted through a controller. Based on the combined vibration in horizontal and vertical directions, the test was conducted using the combination of frequencies of 10 Hz and 100 Hz and vibration intensities of 20%, 40% and 60% (namely, 1 mm, 2 mm and 3 mm) of the maximum amplitude. The test shows that the robot could climb normally and its driving wheels did not skid. As a result, it did not leave the cable under the influence of inertial force during the vibration testing. Meanwhile, when the vibration table worked at a low frequency, the whole test system vibrated strongly, which exceeded the bearing limit of the floor of the building and limited the applicable test range. This should be addressed before in the future research.
Conclusions
In view of automatic inspection demands for bridge cables at high altitude, the all-wheel-drive climbing robot based on safety recovery mechanism model was developed. On this basis, this work analyzed the climbing performance and fabricated a prototype on which verification testing was conducted. The main conclusions are as follows: The climbing ability of the robot under the low-frequency and high-frequency vibration was further investigated and parameters, such as vibration direction, frequency and intensity of the vibration table could be adjusted through a controller. Based on the combined vibration in horizontal and vertical directions, the test was conducted using the combination of frequencies of 10 Hz and 100 Hz and vibration intensities of 20%, 40% and 60% (namely, 1 mm, 2 mm and 3 mm) of the maximum amplitude. The test shows that the robot could climb normally and its driving wheels did not skid. As a result, it did not leave the cable under the influence of inertial force during the vibration testing. Meanwhile, when the vibration table worked at a low frequency, the whole test system vibrated strongly, which exceeded the bearing limit of the floor of the building and limited the applicable test range. This should be addressed before in the future research.
In view of automatic inspection demands for bridge cables at high altitude, the all-wheel-drive climbing robot based on safety recovery mechanism model was developed. On this basis, this work analyzed the climbing performance and fabricated a prototype on which verification testing was conducted. The main conclusions are as follows:
(1) In order to limit the excessive speed of the robot when it is in electrical fault, the centrifugal-friction recovery mechanism model of the all-wheel-drive climbing robot is designed. (2) The climbing performances of the robot are analyzed, including basic climbing conditions under minimum output motor torque and minimum friction force on the rolling wheels. (3) By using the finite element method, the natural frequency of the robot was found and the first five modal frequencies were 322 Hz, 463 Hz, 606 Hz, 723 Hz and 911 Hz. Furthermore, the natural frequency of the cable was obtained by using the Rayleigh quotient. The results show that the change in fundamental frequency of the cable was always less than 90 Hz, showing significant differences with the first five modal frequencies of the robot, so resonance did not occur, thus ensuring the safety of the robot-cable system. (4) The prototype of the robot is made and complete climbing & loading testing experiments is conducted. The testing results proved that the robot can carry a payload of 10 kg and safely return the cable under the influences of inertial force and vibration at the combination of frequencies of 10 Hz and 100 Hz and intensities accounting for 20%, 40% and 60% (namely, 1 mm, 2 mm and 3 mm) of the maximum vibration amplitude. This proved the feasibility of the robot.
In future research, it is necessary to optimize the mechanical structure of the robot, propose more accurate control methods and study inspection methods which are better suited for detection of defects in different cables.
